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ABSTRACT
Scaling relations between galaxy structures and dynamics have been studied extensively for early and
late-type galaxies, both in the local universe and at high redshifts. The abundant differences between
the properties of disky and elliptical, or star-forming and quiescent, galaxies seem to be characteristic
of the local Universe; such clear distinctions begin to disintegrate as observations of massive galaxies
probe higher redshifts. In this Paper, we investigate the existence the mass fundamental plane of
all massive galaxies (σ & 100 km s−1). This work includes local galaxies (0.05 < z < 0.07) from
the SDSS, in addition to 31 star-forming and 72 quiescent massive galaxies at intermediate redshift
(z ∼ 0.7) with absorption line kinematics from deep Keck-DEIMOS spectra and structural parameters
from HST imaging. In two parameter scaling relations, star-forming and quiescent galaxies differ
structurally and dynamically. However, we show that massive star-forming and quiescent galaxies lie
on nearly the same mass fundamental plane, or the relationship between stellar mass surface density,
stellar velocity dispersion, and effective radius. The scatter in this relation (measured about log σ) is
low: 0.072 dex (0.055 dex intrinsic) at z ∼ 0 and 0.10 dex (0.08 dex intrinsic) at z ∼ 0.7. This three
dimensional surface is not unique: virial relations, with or without a dependence on luminosity profile
shapes, can connect galaxy structures and stellar dynamics with similar scatter. This result builds
on the recent finding that mass fundamental plane has been stable for early-type galaxies since z ∼ 2
(Bezanson et al. 2013). As we now find this also holds for star-forming galaxies to z ∼ 0.7, this implies
that these scaling relations of galaxies will be minimally susceptible to progenitor biases due to the
evolving stellar populations, structures, and dynamics of galaxies through cosmic time.
Subject headings: cosmology: observations — galaxies: fundamental parameters — galaxies: kinemat-
ics and dynamics — galaxies: evolution — galaxies: spiral — galaxies: elliptical
and lenticular, cD
1. INTRODUCTION
Galaxy bimodality seems to be a fundamental property
of the Universe, especially at the present day. In the lo-
cal Universe, galaxies are either forming stars or not and
as a result of their differing stellar populations their col-
ors are generally blue or red (e.g. Blanton et al. 2003).
In fact, the existence of massive quenched galaxies has
been demonstrated as early as z ∼ 4, only a couple bil-
lion years after the Big Bang (e.g. Straatman et al. 2014).
Traditionally, scaling relations between global properties
(sizes, luminosities or masses, and kinematics) of disk
and elliptical galaxies have been studied separately to
constrain their formation and evolutionary models. This
approach is intuitive as late and early-type galaxies dif-
fer in most ways in the local Universe. Structurally, the
stars in star-forming galaxies are generally flattened into
disklike formations, following exponential light profiles.
Galaxies with quiescent stellar populations are rounder
spheroids which follow de Vaucouler light profiles in pro-
jection. Furthermore, at fixed mass, quiescent galaxies
are more compact than their star-forming counterparts
(e.g. Shen et al. 2003). These populations also appear to
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differ dynamically: star-forming galaxies are primarily
supported by rotation and quiescent galaxies are domi-
nated by dispersion support.
The relationship between rotational velocity and
galaxy luminosity (or stellar mass), called the Tully-
Fischer relation, describes the fundamental scaling of
disk (star-forming) galaxies (e.g. Tully & Fisher 1977;
Bell & de Jong 2001). Early-type (quiescent) galax-
ies lie on a similar scaling relation between the lu-
minosity and velocity dispersion, called the Faber-
Jackson relation (Faber & Jackson 1976). The scatter
around this relation tightens when galaxy sizes are in-
cluded, indicating that quiescent galaxies are better de-
scribed by the three parameter Fundamental Plane (e.g.
Djorgovski & Davis 1987; Dressler et al. 1987). These
relations have been used to constrain aspects of galaxy
formation such as the growth of disks within dark mat-
ter halos (e.g. Fall & Efstathiou 1980; Blumenthal et al.
1986; Mo et al. 1998) and variations in the global mass-
to-light ratios of elliptical galaxies (e.g. Faber 1987).
Observationally, measurements of these scaling rela-
tions have been extended to high redshift, adding the
dimension of time to further constrain formation of
star-forming disks (e.g. Vogt et al. 1996; Weiner et al.
2006; Kassin et al. 2007; Miller et al. 2012) or the aging
of quiescent spheroids (e.g. van Dokkum & Franx 1996;
van der Wel et al. 2004; van Dokkum & van der Marel
2007; Holden et al. 2010; Toft et al. 2012).
However, as observations of distant galaxies push to
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earlier epochs in the high redshift universe, building evi-
dence suggests that the clear distinctions between galaxy
populations begin to break down. Populations of mas-
sive star-forming galaxies, which must be the progen-
itors of many of today’s massive galaxies, increase in
number density at higher redshift (e.g. Bell et al. 2004;
Brammer et al. 2011; Whitaker et al. 2012; Muzzin et al.
2013; Tomczak et al. 2013). Dividing lines between
structural properties and stellar populations become
blurred as quiescent galaxies may appear more disklike
at higher redshifts (z & 1) (e.g. van der Wel et al. 2011;
Weinzirl et al. 2011; Bruce et al. 2012; Chevance et al.
2012; Chang et al. 2013). As a result of the decreasing
number density of quiescent galaxies with redshift, se-
lection criteria based on either structural morphology or
stellar populations designed to identify galaxies through
cosmic time will be biased against a subset of the progen-
itors of those early galaxies. This “progenitor bias” (e.g.
van Dokkum & Franx 1996) will become increasingly im-
portant as we connect the evolution of galaxies through
earlier times.
As galaxy populations become less clearly bimodal at
earlier epochs and individual galaxies likely transition
between star-forming and quiescent periods, it would
be preferable to define a flexible framework that allows
for star-forming and quiescent galaxies to be studied to-
gether to allow for this ambiguity. In this paper, we
examine the scaling relations between galaxy structures
(light profile shapes and sizes), stellar masses (from stel-
lar population synthesis modeling), and dynamics (veloc-
ity dispersions) for star-forming and quiescent galaxies
alike. We examine these relations in the local Universe
(0.05 < z < 0.07) utilizing data from the Sloan Digital
Sky Survey (SDSS) and at higher redshift (z ∼ 0.7) using
a deep spectroscopic survey collected with the DEIMOS
spectrograph on Keck II in the COSMOS and UKIDSS
UDS fields.
The Paper is organized as follows: §2 provides an
overview of the two datasets included in this analysis
and describes the measured and derived properties of
galaxies in those samples. §3 examines the two dimen-
sional scaling relations between structural and dynam-
ical properties of galaxies, highlighting the differences
between star-forming and quiescent massive galaxies. §4
demonstrates the existence of a unified mass fundamen-
tal plane for both star-forming and quenched galaxies.
In §5 we assess the ability of a variety of scaling relations
to include both star-forming and quiescent galaxy popu-
lations, comparing measured scatter about each relation.
Finally, in §6 we discuss the results of this work and high-
light the implications for future studies of galaxy evolu-
tion. Throughout this paper we assume standard ΛCDM
concordance cosmology with H0 = 70 km s
−1Mpc−1,
ΩM = 0.3, and ΩΛ = 0.7. All magnitudes are quoted
in the AB system.
2. DATA
2.1. SDSS Sample at z ∼ 0
For our study of local galaxies, we use a sample of
galaxies at 0.05 < z < 0.07 from DR7 of the Sloan
Digital Sky Survey (Abazajian et al. 2009), selected as
described in Bezanson et al. (2013). Galaxies are se-
lected to have reliable spectroscopic measurements with:
keep flag=1, z warning=0, sciencePrimary=1, S/N >
20. Stellar mass-to-light (M⋆/L) ratios are acquired from
the MPA-JHU galaxy catalog (Brinchmann et al. 2004).
Best-fit Sersic profiles in the r′-band are included from
Simard et al. (2011) and total stellar masses are calcu-
lated by scalingM⋆/L to the total luminosity of the best-
fit Se´rsic profile (see equation 7). Effective radii are cir-
cularized re = Rhl
√
b/a, where Rhl is the semi-major
half light radius and b/a is the axis ratio. Velocity dis-
persions are taken from David Schlegel’s spZbest catalog
(v disp) and are aperture corrected from the 3′′ SDSS
fiber to an effective radius using:
σre = σap(rap/re)
0.066 (1)
from (Cappellari et al. 2006). Only galaxies with < 10%
errors in velocity dispersion are included in the final sam-
ple.
Both star-forming and quiescent galaxies are included
in this sample; the two populations are distinguished
based on their colors. We calculate K-corrections to ob-
served colors to z = 0 using KCORRECT (Blanton et al.
2003; Blanton & Roweis 2007). Finally, we adopt the
u− r and r− z rest-frame color-cuts from (Holden et al.
2012) to identify quiescent galaxies as:
(u− r) > 2.26, (2)
(r − z) < 0.75, (3)
and (u − r) > 0.76 + 2.5(r − z). (4)
These criteria have been demonstrated to separate star-
forming and quiescent galaxies with only ∼ 18% contam-
ination.
2.2. Keck-DEIMOS Sample at z ∼ 0.7
Spectra for a total of 162 targeted galaxies were col-
lected using the 1200mm−1 grating, centered at 7800 A˚.
Spectra were reduced and extracted using the Spec2d
pipeline (Cooper et al. 2012; Newman et al. 2012). Tel-
luric corrections are applied by fitting models for atmo-
spheric absorption, scaled to fit spectra in each mask.
The resulting spectra have an average spectral range of
∼6500–9200A˚. The instrumental resolution, as measured
from sky lines was ∼ 1.6 A˚ at ∼7800 A˚, which corre-
sponds to R ∼5000 or ∆ v ∼ 60 km s−1.
We observed a sample of galaxies at 0.4 < z < 0.9
from the Newfirm Medium Band Survey (NMBS)-
Cosmos (Whitaker et al. 2011) and UKIDSS UDS
fields (Williams et al. 2009), focusing on overlap with
the CANDELS (Grogin et al. 2011; Koekemoer et al.
2011)/3DHST (Brammer et al. 2012; Skelton et al.
2014) fields, using DEIMOS (Faber et al. 2003) on
Keck II from January 19-21, 2012. Three masks were
observed: two in NMBS-Cosmos with total exposures
of 13.67 and 5.67 hours and one in UDS for 7.67 hours.
Weather and seeing conditions throughout the run were
very good, with average seeing ranging from ∼ 0.5−0.7′′.
Galaxies were selected to span a range in inferred
velocity dispersion (see e.g. Bezanson et al. 2011) prior-
itizing galaxies with σinf & 100 km s
−1. We adopt the
following definition of inferred velocity dispersion in this
Section and revisit possible definitions in §5:
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Fig. 1.— Selection criteria for the z ∼ 0.7 spectroscopic sample (quiescent galaxies in red, star-forming galaxies in blue) relative to
0.4 < zphot < 0.95 galaxies in the NMBS-Cosmos field. Filled circles represent successful measurements of velocity dispersions (with
< 15% statistical error), crosses represent galaxies with spectra that have been excluded from this sample, either due to failed extraction or
insufficient S/N. (a) U-V rest-frame color versus inferred velocity dispersion: galaxies are selected to span a range in both quantities. (b) U-
V versus V-J rest-frame colors, used to distinguish between star-forming (lower right of solid black dividing lines, indicating Whitaker et al.
(2012) empirical distinctions) and quiescent galaxies (upper left).
σinf,V(n) =
√
GM⋆
0.557kVRe
, (5)
in which the Virial constant depends on Se´rsic index as:
kV(n) ≈ 8.87− 0.831n+ 0.0241n2 (6)
(Cappellari et al. 2006). This includes the average ra-
tio 〈 M⋆Mdyn 〉 ≈ 0.557 measured from a similar sample of
galaxies in the SDSS in Bezanson et al. (2011).
This corresponds to a selection in size and mass
(logM⋆ > 10), with no preselection on morphology.
Therefore the dataset includes early and late-type, or
alternatively quiescent and star-forming, galaxies. Selec-
tion of this targets relative to the NMBS-Cosmos pho-
tometric catalog is presented in Figure 1. Additional
properties of the sample (large symbols) are presented in
Figure 3 relative to galaxies in the NMBS-Cosmos field
within the same redshift range (gray points). In ad-
dition to the σ selection, targets were selected within
0.4 . zphot . 1 and brighter than I = 23.5. Prior-
ity was given to spanning the observed range of U − V
color, inferred velocity dispersion, Se´rsic index, and SFR.
Finally, additional low mass (σ . 100 kms−1) galaxies
within the same redshift range were added to fill spec-
troscopic masks. These filler galaxies are apparent at
the low-σ end of Figure 1(a) (and later in Figure 3(f))
and were biased towards brighter (and bluer) galaxies.
In some cases (13 galaxies), we failed to successfully
extract a sufficient one-dimensional spectrum for one or
both of the red and blue chips, these spectra are excluded
from the final sample. The remaining 148 galaxies are
included in this work.
2.3. Imaging and Photometric Catalogs
Stellar population analysis and rest-frame color esti-
mates for galaxies in this sample are based on multi-
wavelength broad and medium-band photometric data
from two fields: the UKIRT Infrared Deep Sky Sur-
vey (UKIDSS) - Ultra Deep Survey (UDS) and Newfirm
Medium Band Survey (NMBS) - COSMOS. Additionally,
high resolution, space-based imaging taken using the Ad-
vanced Camera for Surveys (ACS) and the Wide Field
Camera 3 (WFC3) on the Hubble Space Telescope (HST)
exists in both fields, also described in §2.4.
In the COSMOS field, we utilize v5.1 NMBS catalogs,
which we briefly summarize below; see Whitaker et al.
(2011) for a full description. This dataset is designed
around deep medium-band Near infrared (NIR) imaging
in J1, J2, J3, H1, H2 bands from the Mayall 4.0m tele-
scope in addition to a multitude of ancillary data. Op-
tical imaging is included from the Deep Canada-France-
Hawaii Telescope Legacy survey (CFHTLS) (Erben et al.
2009; Hildebrandt et al. 2009) (u′, g′, r′, i′, z′) and deep
Subaru imaging in BJ , VJ , r
+, i+, z+ and 12 medium
band optical filters (Taniguchi et al. 2007). Ultraviolet
data is included in the NUV and FUV from the Galaxy
Evolution Explorer (GALEX Martin et al. 2005). Ad-
ditional IR measurements are included in the NIR from
the WIRcam Deep Survey (WIRDS Bielby et al. 2012)
(J,H,K) and in the mid-IR four channels of Spitzer-
IRAC data and Spitzer-MIPS 24µm fluxes.
We utilize a K-selected v.4.1 catalog in the UKIDSS
UDS field (Williams et al. 2009). In addition to the
deep NIR Imaging (J,H,K) from the UKIDSS-UDS sur-
vey (Warren et al. 2007), this catalog includes optical
imaging in the field is included from the Subaru/XMM-
Newton Deep Survey (SXDS) (Furusawa et al. 2008)
(U,B, V,R, i, z) and four channels of Spitzer-IRAC data.
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TABLE 1
DEIMOS z ∼ 0.7 Sample - Galaxy Properties
id RA Dec z Re n Filter log Stellar Mass σaperture σRe Exposure Time
[o] [o] [kpc] [M⊙] [kms−1] [kms−1] [s]
C1971 150.104 2.198 0.682 4.4 4.7 WFC3-F160W 10.96 214 ± 8 211 ± 8 49200
C2335 150.097 2.205 0.424 0.8 2.7 WFC3-F160W 10.13 131 ± 5 143 ± 6 49200
C3382 150.084 2.222 0.560 5.9 1.5 WFC3-F160W 10.62 158 ± 7 152 ± 7 49200
C3420 150.119 2.223 0.839 2.1 3.3 WFC3-F160W 10.83 245 ± 15 255 ± 16 49200
C3751 150.121 2.227 0.733 3.6 2.9 WFC3-F160W 11.07 171 ± 7 172 ± 7 49200
C3769 150.121 2.230 0.732 2.0 0.8 WFC3-F160W 10.10 153 ± 14 159 ± 15 49200
C4987 150.116 2.250 0.747 1.4 4.2 WFC3-F160W 10.47 236 ± 13 252 ± 14 49200
C5585 150.104 2.261 0.642 1.9 1.7 WFC3-F160W 10.15 133 ± 9 138 ± 9 49200
C6205 150.086 2.272 0.728 1.5 4.7 WFC3-F160W 10.65 225 ± 6 238 ± 7 49200
C6574 150.083 2.278 0.835 1.6 1.8 WFC3-F160W 10.49 241 ± 34 255 ± 36 49200
Note. — Table 1 is published in its entirety in the electronic edition of this article, a portion is shown here for guidance
regarding its form and content.
2.4. Derived Properties: Sersic Profiles, Stellar
Populations, and Rest-Frame Colors
Galaxy morphologies are measured by fitting 2D Se´rsic
models using GALFIT (Peng et al. 2002) to HST imag-
ing, either from CANDELS F160W WFC3 imaging
(van der Wel et al. 2012) when available (74 galaxies)
or from ACS F814W imaging (Bezanson et al. 2011) in
NMBS-Cosmos (59 galaxies). Figure 2 includes galleries
of 9′′×9′′ cutouts of quiescent and star-forming galaxies;
either from CANDELS v1.0 mosaics (Grogin et al. 2011;
Koekemoer et al. 2011) or COSMOS ACS v2.0 mosaics
(Koekemoer et al. 2007; Massey et al. 2010). Quoted
sizes are circularized such that re =
√
ab, where a and
b are the semi-major and semi-minor axes of the half-
light ellipse. Errors in size estimates are assumed to be
∼ 10% when not quoted. We exclude 15 galaxies with
only ground-based sizes for this work.
Utilizing the excellent spectral coverage of the photo-
metric data in each field, we use FAST (Kriek et al. 2009)
fit the spectral energy distribution (SED) of each galaxy
to Bruzual & Charlot (2003, BC03) stellar population
synthesis models, assuming solar metallicity, a Chabrier
(2003) Initial Mass Function (IMF), and delayed expo-
nential declining star-formation histories. We assume the
best-fit parameters, such as stellar mass, age, and Av,
from these fits. We adopt a systematic uncertainty in
measuredM⋆/L of 0.1 dex, although we note that in some
cases the systematic uncertainties in such measurements
could be up to ∼ 0.2 dex (e.g. Muzzin et al. 2009). Be-
cause these stellar mass estimates are based on aperture
photometry, corrected by some average aperture-to-total
magnitude correction, we rescale stellar masses to reflect
the luminosity of the best-fit Sersic profile as:
M⋆ =M/L⋆,FASTLTot. (7)
In this equation, M⋆ is the corrected stellar mass,
M/L⋆,FAST is the stellar mass-to-light ratio estimate
from FAST, LTot is the total luminosity of the best-fit
Se´rsic profile.
Additionally, we use InterRest (Taylor et al. 2009) to
interpolate between observed photometric measurements
for each galaxies and calculate rest-frame magnitudes
and colors in a number of filters.
2.5. Velocity Dispersion Measurements
Velocity dispersions of stellar absorption features were
measured using PPXF (Cappellari & Emsellem 2004) to
fit broadened Bruzual & Charlot (2003) (BC03) stellar
population synthesis models to each spectrum. Possible
emission lines (e.g. OII and OIII lines) were excluded
from dispersion fitting and spectral regions surrounding
the Balmer lines were masked. In order to limit the effect
of template mis-match on measured velocity dispersions,
we used best-fit synthetic spectrum to the photometry
as determined by FAST (Kriek et al. 2009) and fit only
rest-frame λ > 4000 A˚ to avoid age dependent features
such as strong Balmer lines (see e.g. van de Sande et al.
2013). All velocity dispersions were visually inspected
and errors were estimated by re-fitting templates added
to shuffled residuals from initial fits using PPXF. Spectra
and broadened BC03 templates are included in Figure 4,
ordered by measured velocity dispersion. We compare
these error estimates to statistical errors in velocity dis-
persion calculated by PPXF and verify that they are ex-
tremely consistent, with a scatter in relative error of only
0.01.
Measured velocity dispersions are corrected (by adding
in quadrature) for the BC03 template resolution, σ =
85 km s−1. Velocity dispersions are then aperture cor-
rected using Equation 1 from the 1” slitwidth to an ef-
fective radius. Galaxies with ≥ 15% velocity dispersion
errors are excluded from the final sample (30 galaxies,
12 quiescent and 18 star-forming), yielding a full sample
of 103 galaxies spanning a range of colors and velocity
dispersions (see Table 1).
2.6. Sample Completeness: Measurement Success Rates
for Absorption Line Kinematics
This sample of galaxies was selected to span the pop-
ulation of massive (σ & 100 km s−1) galaxies at z ∼ 0.7
and therefore the range in stellar populations (or colors),
masses, morphologies, and dynamics. Derived properties
of the final spectroscopic sample are included in Table
1. In Figure 3 we assess the range of the final spec-
troscopic sample relative to galaxies in the same (pho-
tometric) redshift range from the NMBS-Cosmos field
(parent population). The parent population is indicated
by small gray points; spectroscopic sample is indicated
by colored symbols. Our goal is to represent both star-
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Fig. 2.— Images of quiescent (top panels with red outlines) and star-forming (bottom panels with blue outlines) galaxies, ordered by
axis ratio (vertical) and velocity dispersion (horizontal). Images are 9′′ × 9′′ and are taken from mosaic images of the COSMOS and UDS
fields. Images labeled (left upper corner) WFC3 are extracted from CANDELS v1.0 F160W mosaics (Grogin et al. 2011; Koekemoer et al.
2011) and ACS are from COSMOS v2.0 ACS mosaics (Koekemoer et al. 2007; Massey et al. 2010). Galaxy IDs are indicated in upper right
corner of each panel.
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Fig. 3.— Properties of the z ∼ 0.7 spectroscopic sample (quiescent galaxies in red, star-forming galaxies in blue) relative to 0.4 < zphot <
0.95 galaxies in the NMBS-Cosmos field. As in Figure 1, filled circles represent successful measurements of velocity dispersions (with < 15%
statistical error), crosses represent galaxies with spectra that have been excluded from this sample. Blue symbols identify star-forming
galaxies, red symbols represent quiescent galaxies, separated using rest-trame U-V and V-J rest frame colors. The spectroscopic sample
spans the range of the photometric parent sample in U − V color (panels a-e), I magnitude (panel a), stellar mass (panel b), axis ratio
(panel d), Sersic index (panel e), specific star-formation rate and inferred velocity dispersion (panel f). However, at the extremes of the
sample (e.g. at high redshift or low mass), the spectroscopic sample is biased relative to a full mass-limited photometric sample.
forming and quiescent galaxy populations in this anal-
ysis. We distinguish between the two samples using
rest-frame U − V and V − J colors (e.g. Franx et al.
2008; Williams et al. 2009), adopting the color-cuts from
Whitaker et al. (2012) (Figure 1). This method has been
shown to discriminate between “red and dead” galax-
ies and galaxies which are red and dusty star-formers.
In this and subsequent Figures, star-forming galaxies are
indicated by blue symbols, quiescent galaxies by red sym-
bols.
For some spectra, we were not able to successfully mea-
sure velocity dispersions (indicated by crosses). This is
driven partially by S/N of the spectra: these failures ap-
pear to be related to a number of correlated galaxy prop-
erties. Therefore, the resulting sample of galaxies does
not uniformly sample colors, morphologies, and dynam-
ics as described in §2.2. In general star-forming galaxies
are more likely to “fail” in this context.
The primary factor in failing to measure a velocity dis-
persion is the observed brightness of the galaxy: faint
(I & 22) galaxies are excluded either because they are
intrinsically faint or are at the highest redshift end of this
survey (Figures 3(a)-(c)). Furthermore, low mass galax-
ies, as defined based on stellar mass (log M⋆ . 10.5)
or inferred dynamics (σinf . 100 − 150 km s−1) are less
likely to yield precise velocity dispersions, particularly
those included as mask fillers. 75% of failed measure-
ments of quiescent galaxies, and ∼ 40% for star-forming
galaxies, have σinf < 100 km s
−1, therefore the sample is
much more complete above this limit. Blue star-forming
galaxies are also more likely to fail, although this is par-
tially related to the mass bias. Additionally, this sample
excludes many galaxies with the highest specific star for-
mation rates (sSFR) (see Figure 3(f)). This can be un-
derstood as a combination of the aforementioned mass
bias against low velocity dispersions and the fact that the
youngest stellar population synthesis models have quite
weak spectral absorption features (aside from the Balmer
lines, which are masked in the dynamical fitting).
Although the existing sample spans a large range in
morphologies and inclinations (see images in Figure 2),
there also appears to be a bias against face-on disks as
many galaxies with rounder shapes (b/a & 0.8 in Fig-
ure 3(d)) and more disklike profiles (Se´rsic n . 2.5 in
Figure 3(e)) preferentially fail to produce successful dis-
persion measurements. For galaxies with rotation, such
as inclined pure disks, the measured velocity dispersion
is a combination of the rotational velocity and intrinsic
velocity dispersion (e.g. Binney 1978):
σmeas =
√
σ2 + 0.5(Vrot sin i)2 (8)
For a face-on inclination (i = 0), the rotational velocity
One Plane for All 7
Fig. 4.— Continuum-normalized galaxy spectra, ordered by velocity dispersion and shifted to rest-frame wavelengths. Full spectra are
included in gray, regions of the spectra that are included in the dynamical measurements are included in black (λ > 4000 A˚), and broadened
best-fit BC03 templates are red. Key spectral features are labeled at the top of each panel and indicated by dashed vertical lines. Galaxy
IDs are labeled left of each spectrum with the color of the label indicating whether a galaxy is star-forming (blue) or quiescent (red).
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Fig. 4.— DEIMOS spectra of z ∼ 0.7 galaxies, ordered by velocity dispersion – Continued
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Fig. 4.— DEIMOS spectra of z ∼ 0.7 galaxies, ordered by velocity dispersion – Continued
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Fig. 4.— DEIMOS spectra of z ∼ 0.7 galaxies, ordered by velocity dispersion – Continued
One Plane for All 11
does not contribute at all to the measured velocity dis-
persion. For inclined galaxies, measured dispersions will
be boosted by the rotational velocities (by broadening
the spectral features), which in turn makes them more
likely to be included in the spectroscopic sample. The
velocity dispersion of an edge-on disk galaxy provides an
estimate of the overall dynamics of the galaxy, but just
the intrinsic dispersion for a face-on galaxy. Inclination,
as probed by projected axis ratios, appears to have a
minimal effect on the samples of galaxies presented in
this Paper, implying that intrinsic dispersions are high
and possibly pointing to the prevalence of bulges in these
massive galaxies (see Appendix A).
Overall this sample is representative for massive galax-
ies at z ∼ 0.7, but the results of the study will not be as
comprehensive for lower mass galaxies or galaxies with
high star-formation rates. The former is driven primarily
by S/N : deeper data would provide higher completeness
to lower mass limits. The latter is a limitation to study-
ing absorption line kinematics for very young systems.
3. THE DISCREPANT STRUCTURAL AND DYNAMICAL
PROPERTIES OF STAR-FORMING AND QUIESCENT
GALAXIES
In this Section we focus on two traditional scaling re-
lations (size-mass and mass-velocity dispersion, or the
mass Faber-Jackson, relation) to highlight the differ-
ences between star-forming and quiescent galaxies, both
at z ∼ 0 and z ∼ 0.7. These relations are non edge-
on projections of the mass fundamental plane, which is
the focus of subsequent sections. Although the popula-
tions are distinguished based on their rest-frame colors,
as a proxy for differences in stellar populations, the sep-
aration extends to the overall structural and dynamical
properties of each sample of galaxies in this paper.
In Figure 5 we explore the size-mass relations of the
star-forming and quiescent galaxies in the SDSS and at
z ∼ 0.7. In Figure 5(a), as in the subsequent z ∼ 0
figures in this Paper, the distribution of galaxies in the
SDSS is demarcated by a series of contours. Red contours
indicate the density of quiescent galaxies, blue contours
reflect the density of star-forming galaxies. The rela-
tive saturation of the colors are normalized to reflect the
density in a given figure. The number of galaxies (qui-
escent and star-forming) is indicated by NQ and NSF in
the bottom right corner of each panel. In Figure 5(b),
and other z ∼ 0.7 figures, points represent individual
galaxies. Star-forming galaxies are indicated by blue di-
amonds, quiescent galaxies by red circles. Again, the
number of galaxies in each sample is indicated in the
lower right corner of each panel. Finally, average er-
ror bars are indicated in the upper right corner of every
panel.
The first result is a confirmation that star-forming
galaxies are larger, on average, than quiescent galax-
ies at fixed mass (e.g. Shen et al. 2003, in the SDSS)
and (e.g. Williams et al. 2009; van der Wel et al. 2014,
at higher redshift). The discrepant normalizations for
the two populations holds in both redshift ranges probed
by this study. We note that the requirement of reli-
able velocity dispersion measurements biases this sam-
ple against galaxies with low masses and/or large sizes.
Therefore, a linear fit to these size-mass relations would
be steeper than for purely photometric samples of galax-
ies. We indicate the approximate size-mass relation of
σ ∼ 100 km s−1 galaxies (gray solid line), above this
line the samples likely suffer from incompleteness. Ad-
ditionally we include the Shen et al. (2003) size-mass
relations for early-type (dotted red line) and late-type
(dashed blue line) galaxies. By adopting the slopes of
these relations, we fit the normalizations to each sep-
arate galaxy population (solid red and blue lines). We
note that the overall normalizations for this sample differ
from the Shen et al. (2003) fits, likely due to the differ-
ences in (Simard et al. 2011) size measurements adopted
in this work relative to the NYU-VAGC measurements
(Blanton et al. 2005) used in that study. The latter
measurements have been shown to underestimate galaxy
sizes, by a factor that increases with Se´rsic index (e.g.
Guo et al. 2009). However, we include these fits mostly
for relative comparisons and emphasize the importance
of more complete photometric samples to properly mea-
sure the size-mass relation.
Figure 5(b) shows the same relation for massive galax-
ies at z ∼ 0.7. Again, star-forming galaxies lie
above quenched galaxies and both samples lie below the
Shen et al. (2003) relations; in this case this reflects the
size evolution of galaxies. A comparison of Figure 5(a)
to Figure 5(b) shows the same thing: both star-forming
and quiescent galaxies populations exhibit lower normal-
izations at z ∼ 0.7 than for galaxies in the SDSS (see e.g.
van der Wel et al. 2014, for more thorough and unbiased
study of this evolution to z ∼ 3).
In Figures 7 and 8, we present the same size-mass rela-
tions split into bins of best-fit Se´rsic index to emphasize
the comparison at fixed profile shape. Panel to panel
differences suggest that the sizes of galaxies depend on
Se´rsic index in addition to stellar populations and stellar
mass. This is particularly obvious for quenched galaxies,
however the trends in normalization do not vary linearly
with Se´rsic index. Instead, for galaxies in the SDSS, sizes
decrease with Se´rsic index for n < 4 and then increase
with larger Se´rsic indices. A similar trend exists for high
n quiescent galaxies in the z ∼ 0.7 sample, but the sam-
ple size for star-forming and low-n galaxies too small to
assess similar trends in size with Se´rsic index.
Additionally, Figure 7 demonstrates that the size dif-
ference between star-forming and quenched galaxies ex-
ists for the entire population and at fixed Se´rsic index.
This is particularly noteworthy and suggests, for exam-
ple, that a star-forming galaxy whose profile looks like an
elliptical galaxy (n ∼ 4) will be larger than a quiescent el-
liptical galaxy with the same stellar mass. Although such
galaxies are less common (star-forming galaxies generally
have lower Se´rsic indices), this suggests that the differ-
ence between star-forming and quiescent galaxies is less
clear than a simple separation between disks and ellipti-
cals.
Figure 8 demonstrates that star-forming galaxies in the
z ∼ 0.7 sample are also larger and have lower Se´rsic in-
dices than their quiescent counterparts. However, the
sample is quite small, so this trend at fixed Se´rsic index
is less pronounced, particularly at high values of n. The
quiescent galaxies also suggest a similar trend of larger
size with Se´rsic index, but a larger, less biased sample
would be better suited for measuring this effect. Finally,
we emphasize that for any sample of galaxies, mass-size
relations have a significant amount of scatter; individ-
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(a) SDSS at z ∼ 0 (b) DEIMOS at z ∼ 0.7
Fig. 5.— Circularized effective radius versus stellar mass for all galaxies in each redshift bin. At fixed mass, star-forming galaxies have
larger sizes than quiescent galaxies, both at z ∼ 0 (panel (a) SDSS sample) and z ∼ 0.7 (panel (b) Deimos sample). Total number of
quiescent and star-forming galaxies is indicated in the lower right-hand corner of each panel. Red and blue contours indicate quiescent
and star-forming galaxies, respectively, based on K-corrected colors (g0.1 − r0.1 and M0.1r ) in panel (a). Red circles and blue diamonds
indicate quiescent and star-forming galaxies, respectively, based on rest-frame U-V and V-J colors in panel (b). The local (Shen et al. 2003)
size-mass relations are indicated for late-type (blue dashed) and early-type (red dotted) galaxies in each panel.
(a) SDSS at z ∼ 0 (b) DEIMOS at z ∼ 0.7
Fig. 6.— Velocity dispersion versus stellar mass (“mass Faber-Jackson” relation) for all galaxies at z ∼ 0 (panel (a)) and z ∼ 0.7 (panel
(b)) (notations and color-coding as in Figure 5). Linear fits are included as solid lines for the overall population (black) and separately
for star-forming (blue) and quiescent (red) galaxies. At fixed mass, star-forming galaxies have lower velocity dispersions, at each redshift,
although the slope of the relation is slightly steeper for star-forming galaxies.
ual star-forming and quiescent galaxies with exactly the
same masses, sizes, and Se´rsic indices are likely to exist.
We caution against drawing conclusions from compar-
isons between small samples of galaxies.
Similarly, we compare the mass-velocity dispersion re-
lations (“stellar mass” Faber-Jackson relation, or the
Faber & Jackson (1976) relation with luminosity multi-
plied by M⋆/L) for star-forming and quiescent galaxies
in the full samples (Figure 6(b)) and at fixed Se´rsic index
(Figures 9 and 10). This projection of the mass funda-
mental plane has been studied extensively, particularly
for early-type galaxies; it has relatively low scatter but
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Fig. 7.— Circularized effective radius versus stellar mass for galaxies in the SDSS in bins of best-fit Se´rsic index (n). As in Figure 5(a),
red and blue points indicate quiescent and star-forming galaxies, respectively. The total number of quiescent and star-forming galaxies is
indicated in the lower right-hand corner of each panel (NSF and NQ). The z ∼ 0 (Shen et al. 2003) size-mass relations are indicated for
late-type (blue dashed line) and early-type (red dotted line) galaxies in each panel. This figure demonstrates that the distinction between
star-forming and quiescent galaxies is not merely a cut in profile shape: at fixed mass and fixed Sersic index, star-forming galaxies have
larger sizes than quiescent galaxies. They also differ morphologically: galaxies with low Se´rsic indexes tend to be star-forming, those with
high Se´rsic indexes tend to be quenched, although this is not an exact delineation.
Fig. 8.— Circularized effective radius versus stellar mass for galaxies in the Deimos sample at z ∼ 0.7 in bins of Sersic index (color-coding
as in Figure 5(b)). The z ∼ 0 (Shen et al. 2003) size-mass relations are indicated for late-type (blue dashed line) and early-type (red dotted
line) galaxies in each panel. As at lower redshift, star-forming galaxies are generally larger and have lower Se´rsic indices than quiescent
galaxies at fixed mass, however the mass-size relations for each population exhibits a large scatter (and therefore this larger samples are
required to quantify the relations).
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Fig. 9.— Stellar mass Faber-Jackson relation (Velocity dispersion versus stellar mass) for galaxies in the SDSS, split by Se´rsic index
(labeled as in Figures 5(a) and 9). Overall fit (from Figure 6(a)) is included as dashed black line, fits to star-forming (blue) and quiescent
(red) galaxies at fixed Se´rsic index are shown as solid lines. At fixed mass and Se´rsic index, star-forming and quiescent galaxies lie on
different scaling relations, however these relations also vary with n. Generally, the normalization of the mass Faber-Jackson relation is
lower for star-forming galaxies than for quenched galaxies and the slope of these relations increase with Se´rsic n.
Fig. 10.— Stellar mass Faber-Jackson relation for galaxies in the Deimos sample at z ∼ 0.7 (see also Figure 9 at z ∼ 0). In each panel
the overall mass Faber-Jackson relation at this redshift is included (black dashed line) in addition to fits to the star-forming and quiescent
galaxy samples, assuming the slopes from Figure 6(b). Star-forming galaxies generally have lower velocity dispersions than their quiescent
counterparts.
is not an edge-on projection of the mass fundamental
plane. As discussed in §2.6, we use aperture-corrected
velocity dispersions of star-forming galaxies in this anal-
ysis, which is a combination of intrinsic velocity disper-
sion, rotational velocity, and inclination (see Equation 8).
The contribution of rotational velocity to this quantity
is likely to be more important for star-forming galaxies.
Best-fit slope and normalization of the mass Faber-
Jackson relations (Equation 11) for all galaxies and
separately for star-forming and quiescent galaxies are
reported in Table 3. These fits are calculated by a
orthogonal least squares bisector fit, which has been
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shown to best retrieve the underlying functional rela-
tion from astronomical data (Isobe et al. 1990) and was
performed using the IDL task SIXLIN, with errors es-
timated using bootstrap resampling. The slope of the
relation (AFJ (SDSS) = 0.41, AFJ(DEIMOS) = 0.33)
for the full population of galaxies in both samples falls
between the values obtained by the ATLAS-3D team
(Cappellari et al. 2013b), who found that the relation
has a mass-dependence: σ ∝M0.43 for σre . 140 km s−1,
σ ∝ M0.21 for larger velocity dispersions. Because the
ATLAS-3D sample was comprised of early-type galaxies,
comparing to the slopes for the quiescent galaxy popu-
lations is more self-consistent, for which the measured
slopes also (AFJ (SDSS) = 0.37, AFJ(DEIMOS) = 0.28)
fall between the published slopes, given the selection bias
towards σ > 100 km s−1.
In the SDSS (Figure 6(a)), the velocity dispersions of
quiescent galaxies are generally higher than for star-
forming galaxies at fixed mass. In addition, the slope
of the best-fit linear relation is slightly steeper for full
sample of star-forming galaxies. The trend in relative
normalization between the two populations hold at fixed
Se´rsic index (Figure 9) along with overall variation in
normalization with profile shape. This Se´rsic dependence
is especially clear for quiescent galaxies, which exhibit
steeper slopes and higher normalizations (relative to the
overall relation, indicated by a dashed black line) with
increasing n. Star-forming galaxies with n & 1 exhibit a
weaker trend of increasing normalization and increasing
slope with Se´rsic index.
Figure 6(b) demonstrates that velocity dispersions are
also lower for star-forming galaxies relative to quiescent
galaxies in the z ∼ 0.7 sample. The normalization of
this relation is offset with respect to the z ∼ 0 relation
such that dispersions are higher with redshift. Recently,
van de Sande et al. (2013) and Belli et al. (2014a) pre-
sented a similar trend for samples of quiescent galaxies
at z ∼ 2 and z ∼ 1.2 respectively; here we note that the
result seems to hold for star-forming galaxies as well.
As in Figure 8, the statistical power of this sample of
galaxies breaks down at fixed Se´rsic index (Figure 10).
We include fits in to the two galaxy samples in each panel
to guide the eye, assuming the slopes measured from the
full subsamples (in Figure 6(b)). Although the samples
are small, we note that if anything the normalizations
of the mass Faber-Jackson relation decrease with Se´rsic
index, exhibiting the opposite trend relative to the low-z
sample of galaxies. However, we reiterate the need for
larger samples to assess this trend robustly.
By comparing star-forming and quiescent galaxy pop-
ulations in these two dimensional projections of the mass
fundamental plane in this section, we emphasize the over-
all bimodality of the populations of galaxies separated
initially based on their stellar populations. From this
perspective, the structures (both in size and light pro-
file), stellar dynamics (as measured by absorption line
kinematics), and scaling relations between these prop-
erties should be treated separately. This would be im-
portant for the empirical measurement of galaxy scaling
relations and for the theoretical study of the formation
and evolution of galaxies which are constrained to follow
following those relations.
4. STAR-FORMING AND QUIESCENT GALAXIES LIE ON
THE SAME MASS FUNDAMENTAL PLANE
In contrast with the previous section, we turn our focus
to the potential similarity between star-forming and qui-
escent galaxy populations. Specifically, we present the
existence of a mass fundamental plane for star-forming
and quiescent galaxy populations alike. The mass fun-
damental plane is the plane in three-dimensional space
between galaxy size (effective radius, Re), velocity dis-
persion (σ), and stellar mass surface density (Σ⋆ ≡ M⋆2πR2e )
(e.g. Hyde & Bernardi 2009; Bezanson et al. 2013). This
plane represents a combination of the two 2-D scaling
relations investigated in the previous section.
Figure 11 shows an edge-on projection of the mass fun-
damental plane at z ∼ 0 and z ∼ 0.7 for star-forming
and quiescent galaxies; Figure 12 and Figure 13 show
the mass fundamental plane separated by Sersic index
at each redshift. Although star-forming and quiescent
galaxies are discrepant in size and velocity dispersion at
fixed mass, Figure 11 demonstrates that the two popu-
lations occupy different regions of the same plane. The
mass fundamental plane can be written as:
logRe = α log σ + β logΣ⋆ + γ. (9)
At z ∼ 0, we adopt the tilt of the mass fundamental plane
from Hyde & Bernardi (2009) ([α, β] = [1.629,−0.840]),
as measured from a similar sample of galaxies in the
SDSS and allow the normalization (γ) of the mass fun-
damental plane to vary for each sample. There is some
conflicting evidence in the literature regarding the evolu-
tion of the slope of the (luminosity) fundamental plane.
Holden et al. (2010) demonstrated that there is no evi-
dence for evolution in the tilt since z ∼ 1, however with
a larger sample of cluster data, Jørgensen & Chiboucas
(2013) found evidence of evolution in both slope and nor-
malization of the plane with redshift. Fitting the exact
functional form of the fundamental plane is an extremely
difficult problem as it requires careful modeling of sam-
ple selection effects, correlated observational errors, and
intrinsic scatter (e.g. Jørgensen et al. 1996) and is be-
yond the scope of this paper. Therefore, we assume that
the Hyde & Bernardi (2009) tilt of the mass fundamen-
tal plane also applies at higher redshifts, again allowing
the normalization to vary.
We verified that the assumption of a non-evolving
tilt does not significantly bias any of our results as
follows. First, we performed a simple fit of slope
of the mass fundamental plane to the full z ∼ 0.7
galaxy sample using the least trimmed squares algorithm
(Rousseeuw & van Driessen 2006) as implemented by the
LTS PLANEFIT program (Cappellari et al. 2013a) to
include observational errors in addition to intrinsic scat-
ter. The plane is fit about each variable; we adopt
the averages of each coefficient: α = 1.978 ± 0.134 and
β = −0.968±0.056. We note that this is extremely close
to the Virial relation ([α, β] = [2,−1]), and represents a
significant evolution from the measured slope at z ∼ 0,
but emphasize the potential influence of selection biases
on this measurement, which often slice through the plane
at non-parallel angles. However, even with this extreme
evolution, the decrease in scatter about logRe or log σ is
minimal and comparable to the bootstrapped error esti-
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(a) SDSS at z ∼ 0 (b) DEIMOS at z ∼ 0.7
Fig. 11.— The mass fundamental plane, or the projected three dimensional surface defined by stellar mass surface density (Σ∗), velocity
dispersion (σ), and circularized effective radius (Re) of galaxies at z ∼ 0 (panel (a)) and z ∼ 0.7 (panel (b)). Distribution of star-forming
and quiescent galaxies are red and blue contours (as in e.g. Figures 5 and 6). Best-fit relations (with fixed slope and varying normalization)
are included as lines in each panel. Black dashed lines indicates the best-fit normalization for all galaxies in the sample. Red (and blue)
solid lines indicates the best-fit relation to all quiescent (and star-forming) galaxies. The normalization of and scatter about the mass
fundamental plane for star-forming and quiescent galaxies is strikingly similar at both redshifts.
mates. Therefore we are satisfied to adopt the z ∼ 0 tilt
for the mass fundamental plane at all redshifts; in §5 we
include other three-parameter scaling relations.
The best-fit normalization to all galaxies in a given
redshift range is shown in each panel of Figure 11 (and
later of Figures 12 and 13) as a dashed black line. Nor-
malizations to the separate star-forming and quiescent
populations in each panel are included as solid blue and
red lines (either for all galaxies, or at fixed Se´rsic index).
We calculate the scatter about the fundamental plane
as the standard deviation about logRe, with errors esti-
mated by a 1000 iteration bootstrap simulation. Scatter
for the total, quiescent, and star-forming populations are
indicated in the lower right corners of each panel.
Figure 11(a) demonstrates clearly that to first order,
star-forming and quiescent galaxies lie on nearly the same
mass fundamental plane with only very small shifts in
normalization (∼ 0.06 dex). The scatter about the plane
is also very similar for both star-forming (0.121 dex) and
quiescent galaxies (0.107 dex). We estimate the contribu-
tion of measurement errors to this scatter by monte-carlo
simulations within the errors and find an intrinsic scatter
of 0.093 dex for star-forming and 0.072 dex for quiescent
galaxies.
At fixed Se´rsic index (Figure 12), we isolate the effects
of structural non-homology on the normalization of the
plane. Offsets in normalization from the overall mass
fundamental plane are the largest for exponential disklike
galaxies (Figure 12(a)-(b)), in particular for quenched
galaxies. For the rare sample of quiescent disk galax-
ies, the overall normalization is higher by ∼ 0.1 dex. In
general, the normalization of the mass fundamental plane
varies as a function of Se´rsic index (and less strongly on
stellar population). In this projection, low Se´rsic index
galaxies lie below the overall mass fundamental plane
and high Se´rsic index galaxies lie above. We fit residuals
from the mass fundamental plane as parametrized by:
∆MFP = Anh +Bnhn, (10)
and refit the scatter about the non-homology corrected
mass fundamental plane. This trend in offset with
Se´rsic index is the strongest for quiescent galaxies, with
[Anh, Bnh] = [−0.099, 0.028] and including the trend
decreases the scatter by 0.009 dex to 0.098. This is
in contrast with the shallower relation, [Anh, Bnh] =
[−0.083, 0.015], for star-forming galaxies, which yields
only a 0.002 dex decrease in scatter to 0.119 dex. The
normalization of the overall mass fundamental plane can
be thought of as a population-weighted average over the
structures of all galaxies; for the entire population the
trend,[Anh, Bnh] = [−0.100, 0.026], is similar to that of
the quiescent sample and an overall scatter of 0.108 dex.
We emphasize that these differences are small (. 0.1 dex)
and that all galaxies lie on nearly the same plane.
At z ∼ 0.7 the primary conclusion that star-forming
and quiescent galaxies lie on roughly the same mass fun-
damental plane remains (Figure 11(b)). However, the de-
tails are somewhat different. First, the scatter about
these relations is larger than in the SDSS sample. Par-
tially, this is driven by the smaller sample size as reflected
by larger errors in the measured scatter (estimated from
bootstrap resampling). We assume that measurement
errors are very similar for the two samples (e.g. errors
in M⋆/L); implying intrinsic scatter of ∼ 0.14 dex for all
galaxies and ∼ 0.12 dex for quiescent galaxies. This sug-
gests that measurement errors have been underestimated
for this sample or that the tightness of the mass funda-
mental plane decreases with redshift. Measured scat-
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Fig. 12.— The mass fundamental plane for galaxies in the SDSS, now divide into bins of Se´rsic index. Star-forming and quiescent galaxies
are red and blue points (as in Figures 7 and 9). Best-fit relations (with fixed slope and varying normalization) are included as lines in each
panel. Black dashed lines (same in all panels, see Figure 11(a)) indicates the best-fit normalization for all galaxies in the sample. Red (and
blue) solid lines indicates the best-fit relation to quiescent (or star-forming) galaxies in a given Se´rsic bin. The normalization of and scatter
about the mass fundamental plane for star-forming and quiescent galaxies is strikingly similar. The effect of structural non-homology are
extremely subtle, with normalization varying by . 0.1 dex as a function of Se´rsic index.
Fig. 13.— The mass fundamental plane for galaxies at z ∼ 0.7. Best-fit relation to all galaxies in the sample is indicated as the dashed
black line in all panels, relations for quiescent and star forming galaxies (altogether and in bins of Se´rsic index) shown as solid red and blue
lines. Overall normalization of the mass fundamental plane differs from that in the SDSS (see Figure 12), however does not vary strongly
with quiescence (except perhaps for the small populations of n < 1 or n ∼ 3 star-forming galaxies) or Se´rsic index.
ter about the mass fundamental plane is slightly larger
for star-forming galaxies, but this is within the errors.
Additionally, the overall normalization is slightly higher
than at z ∼ 0 (∼ 0.2 dex), as shown in Bezanson et al.
(2013). We discuss possible explanations for this effect
in §6. Furthermore, while there are slight offsets from
the mass fundamental plane at fixed Se´rsic index (Fig-
ure 13), these are partially driven by small sample size.
We conclude that this sample is insufficient to definitively
assess the effects of structural non-homology on the mass
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fundamental plane at z > 0.
5. SCATTER AND THE FORM OF THE 3-D MASS PLANE
Despite the structural and dynamical differences be-
tween the populations of star-forming and quiescent
galaxies, we have shown that all galaxies follow roughly
the same three dimensional relationship between velocity
dispersion, size, and stellar mass or stellar mass surface
density. In this section, we investigate whether the mass
fundamental plane defined in §4 is the optimal form of
the three dimensional surface. Here we consider four
scaling relations: the mass Faber-Jackson relation, the
mass fundamental plane, the Virial plane, and a Virial
relation with a Se´rsic-dependent constant. Measured re-
lations are included in Tables 2 and 3. Specifically, we
assess the ability of a given relation to predict the ve-
locity dispersion of a galaxy, as measured by the scatter
between the inferred and measured dispersions.
Figure 14 shows these comparisons for galaxies in the
SDSS sample. Figure 14(a) shows the velocity dispersion
predicted from the mass Faber-Jackson relation (shown
in Figure 6(a)):
log σinf,FJ = AFJ log M⋆ + BFJ (11)
versus measured velocity dispersion (large panel), resid-
uals as a function of velocity dispersion (lower panel),
and a histogram of residuals for star-forming and qui-
escent galaxies (right) separately. This and the follow-
ing relations assume that velocity dispersions are mea-
sured in km s−1, sizes are measured in kpc, and stellar
masses are quoted in M⊙. The mean and standard de-
viations of the residuals for star-forming and quiescent
galaxies are indicated as blue/red points with error-bars
to the right of the histograms. Scatter for all galax-
ies and quiescent/star-forming populations in black, red,
and blue text in the upper left corner.
The scatter in this relation is highest of the four tested
scaling relations, with a scatter in velocity dispersion of
∼ 0.11 dex for all populations. Furthermore, the residu-
als exhibit additional correlations in the bottom panel,
with offset median values for star-forming and quies-
cent galaxies. We note that separately measuring the
mass Faber-Jackson relation for star-forming and qui-
escent galaxies reduces the scatter only minimally (by
0.01 dex), although it does remove residual correlations
(see Appendix B).
Figure 14(b) has the same layout as Figure 14(a), but
compares the velocity dispersion predicted by the mass
fundamental plane:
log σinf,massFP = (logRe − β logΣ⋆ − γ)/α (12)
to the measured velocity dispersion (measured normal-
izations γ are provided in Table 2). The scatter about
this relation is lower (0.07 dex), though there seems to
be a slight residual trend, possibly indicating a slight tilt
relative to the Hyde & Bernardi (2009) mass fundamen-
tal plane.
Another possible relation to connect the dynamical and
structural properties of galaxies is the Virial theorem,
which states that:
M⋆ =
M⋆
Mdyn
kReσ
2
G
. (13)
The constant in this equation, k, can be estimated from
analytical models or measured empirically. Based on the
observed dynamical and structural properties of local
elliptical galaxies k ≈ 5 (Cappellari et al. 2006). Fig-
ure 14(c), compares measured dispersion to the velocity
dispersion predicted by the Virial theorem:
log σinf,V = 0.5 (logM⋆ − logRe) + CV (14)
in which the constant is a combination of the gravita-
tional constant, G, the Virial constant and a normal-
ization as CV = 0.5 log
(
G
(M⋆/Mdyn)(5)
)
. See Appendix
D for a discussion of the relationship between dynami-
cal and stellar mass. We fit the normalization and find
CV = 2.848 at z ∼ 0, CV = −2.956 at z ∼ 0.7. This
relation yields a similar overall scatter to the mass fun-
damental plane (0.07 dex), although this is slightly higher
for star-forming galaxies (0.08 dex).
Dynamical models of galaxies with varied stellar dis-
tributions predict a variation of the Virial constant; for
example with Se´rsic index (e.g. Ciotti 1991; Bertin et al.
2002; Cappellari et al. 2006). Given the range in galaxy
morphology probed by this study, this could be impor-
tant. Figure 14(d) compares measured to inferred veloc-
ity dispersion calculated with the Virial theorem, but
including an analytically derived Virial constant which
depends on Se´rsic index:
log σinf,V(n) = 0.5 (logM⋆ − logRe) + CV(n), (15)
in which the constant CV (n) = 0.5 log
(
G
M⋆/Mdyn
)
−
0.5 log kV(n). The Se´rsic-dependent constant, kV(n) ≈
8.87− 0.831n+ 0.0241n2 (Cappellari et al. 2006), is de-
rived analytically by solving the spherically symmetric
Jeans equation with the assumption that mass follows
a Se´rsic profile and all orbits are isotropic. We allow
the normalization to vary to account for differences in
M⋆
Mdyn
, finding CV (n)(z ∼ 0) = −2.539−0.5 logkV(n) and
CV (n)(z ∼ 0.7) = −2.646−0.5 logkV(n). Again the over-
all scatter is the same (0.07 dex), which is an average be-
tween a tightened fit for quiescent galaxies (0.06 dex) and
an increase in scatter for star-forming galaxies (0.08 dex).
The overall scatter in the latter three relations is com-
parable: ∼ 0.07 dex for the full galaxy population in
each case, indicating the importance of including size
measurements in these scaling relations. Although the
scatter for the quiescent galaxy population decreases
slightly when a Se´rsic-dependent Virial constant is in-
cluded (∼ 0.06 dex), and trends in the residuals differ
only subtly, all three surfaces adequately describe the re-
lationship between galaxy structures and dynamics for
star-forming and quiescent galaxies. This is not the
case for scatter about logRe (see Appendix C), in which
the mass fundamental plane exhibits much lower scatter,
however this may be driven by correlated measurement
errors.
Figure 15 demonstrates that similar results hold at
z ∼ 0.7. Again the scatter derived from the mass Faber-
Jackson is larger (Figure 15(a)) than for the mass funda-
mental plane (Figure 15(b)) or the Virial theorem, both
without (Figure 15(c)) and with (Figure 15(d)) a Se´rsic-
dependent constant. The overall scatter in the three lat-
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TABLE 2
Mass Fundamental Plane Normalizations
sample Se´rsic range γ γQ γSF
SDSS all 4.496±0.001 4.471±0.001 4.537±0.001
SDSS 0< n ≤1 4.558±0.005 4.580±0.021 4.557±0.005
SDSS 1< n ≤2 4.556±0.002 4.550±0.004 4.557±0.002
SDSS 2< n ≤3 4.537±0.001 4.523±0.002 4.549±0.002
SDSS 3< n ≤4 4.501±0.001 4.493±0.001 4.524±0.003
SDSS 4< n ≤5 4.475±0.001 4.470±0.001 4.504±0.003
SDSS 5< n ≤6 4.449±0.002 4.442±0.002 4.496±0.005
SDSS 6< n ≤7 4.434±0.003 4.423±0.003 4.484±0.008
SDSS 7< n ≤8 4.396±0.004 4.370±0.004 4.470±0.010
DEIMOS all 4.306±0.015 4.321±0.017 4.270±0.032
DEIMOS 0< n ≤1 4.042±0.033 4.321±0.017 4.042±0.034
DEIMOS 1< n ≤2 4.239±0.044 4.232±0.045 4.241±0.058
DEIMOS 2< n ≤3 4.321±0.037 4.336±0.052 4.295±0.037
DEIMOS 3< n ≤4 4.333±0.031 4.280±0.025 4.470±0.047
DEIMOS 4< n ≤5 4.317±0.034 4.329±0.034 4.092±0.000
DEIMOS 5< n ≤6 4.333±0.026 4.344±0.029 4.279±0.055
Note. — Best-fit normalizations to the mass fundamental plane
(see Equation 9). The tilt of the mass fundamental plane is fixed as
[α, β] = [1.629,−0.840](Hyde & Bernardi 2009).
TABLE 3
Mass Faber-Jackson Parameters
sample AFJ BFJ A
Q
FJ
BQ
FJ
ASFFJ B
SF
FJ
SDSS 0.41±0.00 -2.25±0.02 0.37±0.00 -1.80±0.02 0.39±0.00 -2.06±0.03
DEIMOS 0.34±0.04 -1.37±0.43 0.28±0.06 -0.68±0.62 0.46±0.11 -2.60±1.11
Note. — Best fit mass Faber-Jackson relations at z ∼ 0 and z ∼ 0.7 (see Equation 11).
ter relations is roughly the same, although it is larger for
star-forming galaxies, in contrast with the z ∼ 0 SDSS
sample.
6. DISCUSSION AND CONCLUSIONS
We have shown that despite the structural and dy-
namical differences between star-forming and quiescent
galaxies, all massive (σ & 100 km s−1) galaxies lie within
the same three dimensional phase space when structures
(size and profile shape) and stellar dynamics (velocity
dispersion) are included concurrently. The data do not
suggest a significant preference for any of the specific
3D surfaces examined in this work: the mass fundamen-
tal plane, the Virial plane, or the space defined by the
Virial theorem with a Se´rsic-dependent constant.
Cappellari et al. (2013b) pointed out that the existence
of a mass fundamental plane (or “mass plane”) for ellip-
tical galaxies does not strongly constrain galaxy forma-
tion models, it is simply a statement that galaxies are in
virial equilibrium. However, in the context of this work,
the fact that star-forming and quiescent galaxies both
lie on mass fundamental planes and the normalization is
so similar could have important implications for galaxy
formation models.
The inclusion of star-forming and quiescent galaxies in
the same scaling relations can provide interesting con-
straints on galaxy formation models and can be use-
ful for observational astronomy at high redshifts, how-
ever it is not a new technique. Taylor et al. (2010)
demonstrated that the stellar masses of galaxies of all
types were directly correlated with dynamical masses
derived from sizes, velocity dispersions, and Se´rsic in-
dices, using comparable galaxies from the SDSS. This
work is also similar to studies of the Fundamental Mani-
fold (e.g. Zaritsky et al. 2006, 2011, 2008). In particular,
Zaritsky et al. (2008) demonstrated that both disks and
spheroids across a wide range of masses lie on the same
plane in velocity, size, and surface brightness space when
allowing for variation in mass-to-light ratios. In that
work, the velocity (V) was comprised either of rotational
velocity or intrinsic velocity dispersion; by measuring
the line-of-sight, projected velocity dispersion as in this
work, σ is nearly the same quantity as V 2 ≡ 0.5V 2r + σ2
in the Fundamental Manifold formalism. In this Paper,
we verify the existence of a similar mass fundamental
plane in which mass-to-light ratios are derived from stel-
lar population synthesis modeling alone. Furthermore,
we extend these conclusions to higher redshift and pro-
pose that such unified scaling relations are not just an
interesting property of galaxies, but and important and
flexible tool to study galaxies through cosmic time.
Although this study shows that quenched and star-
forming galaxies exist within the same 3D space, they
still populate different regions of that space. There-
fore, the process(es) which are responsible for driving
the transition or quenching of galaxies from one popula-
tion may alter galaxy structures and dynamics and must
do so within the allowed space defined by the mass fun-
damental plane. It has been suggested that star-forming
galaxies at high redshift are structurally similar to lo-
cal elliptical galaxies, even though they are larger at
a fixed epoch (e.g. Franx et al. 2008; van der Wel et al.
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(a) Mass Faber-Jackson (b) Mass Fundamental Plane
(c) Virial Theorem (d) Virial Theorem, kV(n)
Fig. 14.— Comparison of the tightness of scaling relations in the SDSS as revealed by predicted velocity dispersion versus measured
velocity dispersion (square panels) and residuals from those relations (bottom panels). (a) Velocity dispersion predicted by the mass Faber-
Jackson relation (see also Figure 18) versus measured velocity dispersion. (b) Velocity dispersion predicted by the mass fundamental plane
versus measured velocity dispersion. (c) Velocity dispersion predicted by the Virial theorem with a single constant (independent of non-
homology) versus measured velocity dispersion. (d) Velocity dispersion predicted by the Virial theorem with a Se´rsic-dependent constant
versus measured velocity dispersion. In each case, including galaxy sizes (as in Panels (b)-(d)) decreases the scatter in the scaling relations
for quiescent and star-forming galaxies alike. However, the scatter is comparable about both Virial planes and the mass fundamental plane.
2014). The evolution of galaxies in this plane is certainly
due to a combination of such simple, passive evolution
and stronger structural evolution, likely driven by galaxy
merging. Another potentially important constraint is the
weak dependence of the structural and dynamical scaling
relations on profile shape, as quantified by Se´rsic index.
The shape of the mass Fundamental Plane and the pro-
jections explored in this Paper, the mass-size and Faber-
Jackson relations, vary subtly with Se´rsic n. Therefore,
models of passive evolution must also compare detailed
structures, not just sizes, of galaxy populations at differ-
ent redshifts. With a larger sample of galaxy dynamics
across galaxy populations and time, one could compare
the structures, both sizes and profile shapes, and dynam-
ics of high redshift disk galaxies to quenched descendent
galaxies at later times and assess the relative importance
of various physical processes.
To first order the mass fundamental plane for qui-
escent galaxies does not evolve strongly since z ∼ 2
(Bezanson et al. 2013), however the normalization of the
plane is slightly different between the two epochs probed
by this study (∼ 0.2 dex). This could be due to a com-
bination of observational and/or physical reasons. First,
dynamics of galaxies are observed within somewhat dif-
ferent spectroscopic apertures. Although aperture cor-
rections are made based on empirical velocity disper-
sion profiles and the corrections themselves are generally
small (∼ 4% in the SDSS and ∼ 2% at z ∼ 0.7), these re-
lations are found for local ellipticals and could vary with
redshift or morphological type. Furthermore, M⋆/L are
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(a) Mass Faber-Jackson (b) Mass Fundamental Plane
(c) Virial Theorem (d) Virial Theorem, kV(n)
Fig. 15.— Comparison of the tightness of scaling relations (layout as in Figure 14) at z ∼ 0. Velocity dispersion predicted by (a) mass
Faber-Jackson, (b) the mass fundamental plane (c) Virial theorem with a single constant, (d) the Virial theorem with a Se´rsic-dependent
constant, and (d) the mass fundamental plane versus measured velocity dispersion. As at z ∼ 0, including galaxy size decreases the scatter
in galaxy scaling relations; with very subtle differences between the three possible 3D surfaces.
measured within different physical apertures between the
two redshift slices and color gradients could introduce
offsets in the measured mass fundamental plane. Addi-
tionally, it could be related to the distribution of Se´rsic
indices of the two samples: the z ∼ 0.7 sample of galaxies
has a larger fraction of galaxies with high Se´rsic indices
n > 4. In the SDSS we showed that the normalization of
the mass fundamental plane varies subtly with Se´rsic in-
dex relative to the population-weighted average (Figure
12), bringing high-n galaxies closer to the normalization
of the z ∼ 0.7 mass fundamental plane.
Perhaps the more physically interesting case would in-
volve slight evolution in the density profiles in the cen-
tral regions of galaxies: either in stars or dark mat-
ter. As galaxies grow through cosmic time, the more
massive ones appear to be growing in an “inside-out”
manner (e.g. Bezanson et al. 2009; Hopkins et al. 2009a).
This translates to an increase in Se´rsic indices (e.g.
van Dokkum et al. 2010; Patel et al. 2013) with time for
massive galaxies. In Figures 12 and 13 we demonstrated
the slight dependence of the mass fundamental plane nor-
malization on structure (quantified by Se´rsic index). Dif-
ferent distributions of stellar density profile shapes imply
slightly different dynamics.
Additionally, this could be due to a variation in the
dark matter fraction in the inner regions of galaxies. In-
dications of evolution in MDM/M⋆(< Re) with redshift
have been suggested theoretically (Hopkins et al. 2009b),
based on simulations (Hilz et al. 2012), and empirically
(e.g. van de Sande et al. 2013) as the stellar components
undergo significant growth with time. Only with a clear
understanding of the relative growth of dark matter and
stellar components and the shape of the combined grav-
itational potential could we assess the resulting impact
on the evolution of the normalization of the mass funda-
mental plane.
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TABLE 4
Measured and Intrinsic Scatter in Velocity Dispersions Inferred from Scaling Relations
Relation rms Intrinsic rms rms (Q) Intrinsic rms (Q) rms (SF) Intrinsic rms (SF)
SDSS: z ∼ 0
Faber-Jackson 0.112 ± 0.000 0.101 0.105 ± 0.001 0.095 0.107 ± 0.001 0.094
Mass Fundamental Plane 0.072 ± 0.001 0.055 0.066 ± 0.001 0.049 0.075 ± 0.001 0.057
Virial Theorem (kV = 5) 0.074 ± 0.001 0.064 0.070 ± 0.001 0.061 0.075 ± 0.001 0.063
Virial Theorem (kV(n)) 0.069 ± 0.001 0.058 0.063 ± 0.001 0.053 0.078 ± 0.001 0.066
DEIMOS: z ∼ 0.7
Faber-Jackson 0.14 ± 0.01 0.13 0.14 ± 0.01 0.13 0.13 ± 0.02 0.12
Mass Fundamental Plane 0.10 ± 0.01 0.08 0.09 ± 0.01 0.07 0.11 ± 0.01 0.10
Virial Theorem (kV = 5) 0.09 ± 0.01 0.08 0.08 ± 0.01 0.07 0.11 ± 0.01 0.10
Virial Theorem (kV(n)) 0.10 ± 0.01 0.09 0.08 ± 0.01 0.07 0.12 ± 0.01 0.11
Note. — Measured and intrinsic scatter in velocity dispersion from various scaling relations at z ∼ 0.7, for all galaxies and then
separately for quiescent (Q) and star-forming (SF) galaxies. Inferred velocity dispersions calculated using the following equations:
Faber-Jackson from Eq. 11, Mass Fundamental Plane from Eq. 12, Virial Theorem with constant from Eq. 14 and with Se´rsic-
dependent constant from Eq. 15.
Potentially the most interesting implication of this
work in the context of observational studies of galax-
ies at high-redshift is that it suggests that given the
measured stellar mass and size of a galaxy, regard-
less of its light profile shape, whether it is a disk or
spheroidal, and whether it is forming stars or not, we
can predict its stellar dynamics. These dynamics can
be used to create a census of galaxies through cosmic
time as a function of their velocity dispersions (see e.g.
Bezanson et al. 2011, 2012). Flexibility with respect
to galaxy morphology is particularly important in the
context of building evidence that massive galaxies were
more disklike, based on axis ratio distributions (e.g.
van der Wel et al. 2011; Weinzirl et al. 2011; Bruce et al.
2012; Chevance et al. 2012; Chang et al. 2013) and Se´rsic
indices (e.g. van Dokkum et al. 2010; Patel et al. 2013).
Furthermore, when following populations of galax-
ies through cosmic time, dynamics are likely to be
the most stable property of individual galaxies with
time (see e.g. Bezanson et al. 2011, 2012; Belli et al.
2014a,b). Under this assumption, the ability to in-
fer the dynamics of a galaxy from less observation-
ally expensive data is invaluable. As an example,
there is a growing body of literature following the de-
tection and verification of compact quiescent galax-
ies at z & 1.5 (e.g. Daddi et al. 2005; Trujillo et al.
2006; van Dokkum et al. 2008; Szomoru et al. 2010;
van de Sande et al. 2013) and discussion of possible
formation mechanisms, particularly the identification
of star-forming progenitors (e.g. Barro et al. 2013a,b;
Patel et al. 2013; Toft et al. 2014). Therefore, the best
way to connect progenitors and these descendants may
be by their dynamics. Ideally dynamics would be di-
rectly measured using deep spectroscopy, however this is
extremely challenging even in optimal cases. At z & 2,
stellar absorption line kinematics have only been mea-
sured directly for roughly a dozen quiescent galaxies
(e.g. van Dokkum et al. 2009; van de Sande et al. 2011;
Onodera et al. 2012; van de Sande et al. 2013; Toft et al.
2012; Belli et al. 2014b) and only indirectly from gas
dynamics for star-forming or sub-mm galaxies (e.g.
Tacconi et al. 2008; Toft et al. 2014; Barro et al. 2014;
Nelson et al. 2014). If the existence of a common mass
fundamental plane extends to these early times, it im-
plies that we can efficiently connect star-forming and
quenched galaxies using inferred dynamics with relative
ease from excellent, and existing, HST data from the
CANDELS (Grogin et al. 2011; Koekemoer et al. 2011)
and 3DHST (Brammer et al. 2012; Skelton et al. 2014)
surveys.
Finally, star-forming and quenched galaxies lie on a
common mass fundamental plane in both of the samples
presented in this work, however only the SDSS sample is
large enough to probe the relations as a function of mor-
phology. Although there are hints that non-homology
affects the normalization of the mass fundamental plane
differently as a function of redshift, only with a much
larger sample of galaxies, including a full range of star-
forming and quiescent disks and spheroidals, could we be-
gin to assess this evolution and evaluate the importance
of such subtle effects as morphological and baryonic to
dark matter profile evolution through cosmic time.
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Fig. 16.— Velocity dispersion vs. axis ratio (b/a) for galaxies in the SDSS (left panel) and at z ∼ 0 (right panel). In the left panel, the
distribution of quiescent galaxies and star-forming galaxies are indicated by red and blue contours, in the right panel by red and blue points.
Linear fits are included as black (all galaxies), red (quiescent galaxies), and blue (star-forming galaxies) solid lines. Quiescent galaxies do
not exhibit trends as a function of projected axis ratio, while rounder (higher b/a) galaxies have slightly lower measured velocity dispersions
at both redshifts. This trend is slightly stronger at z ∼ 0.7 (right). These data suggest that inclination contributes subtlety to the scatter
in scaling relations of star-forming galaxies.
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APPENDIX
A. THE EFFECTS OF INCLINATION ON MEASURED VELOCITY DISPERSION
In §2.6 we introduced a theoretical dependence of the measured velocity dispersion of a disk galaxy on observed
inclination (Equation 8). In this formulation, measured velocity dispersion will be a combination of intrinsic dispersion
and inclination corrected rotational velocity. However, increasing intrinsic velocity dispersion, potentially due to the
presence of a significant bulge component, would minimize the importance of inclination on the measured velocity
dispersions. Although the inclination of a galaxy cannot be directly measured from the available data, we can use the
projected axis ratio as a proxy measurement. In the following figures, we assess trends in measured velocity dispersion
as a function of axis ratio, and therefore inclination, for the entire population of galaxies and separated by stellar
populations and morphologies.
Figure 16, shows trends in measured velocity dispersion as a function of axis ratio for galaxies in the SDSS (left
panel) and at z ∼ 0.7 (right panel). As in the previous figures, quiescent galaxies are indicated by red contours
(SDSS) or circles (z ∼ 0.7); star-forming galaxies are indicated by blue contours or symbols. Linear fits to the full
population (black), quiescent (red), and star-forming (blue) galaxies are included as solid lines. Errors in the linear fits
are estimated via bootstrap resampling of each sample and the 1σ range of the fits are indicated by the shaded regions.
Slopes of the lines are indicated in the lower left corner of each panel. At both redshifts, there is little to no statistically
significant trend in velocity dispersion with projected axis ratio for quiescent galaxies. However, there is a weak trend
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Fig. 17.— Velocity dispersion vs. axis ratio (b/a) for galaxies in the SDSS, separated by best-fit Se´rsic index. Annotations and symbols
are as in Figure 16. For galaxies in the SDSS, it is apparent that the weak trends in velocity dispersion with axis ratio are important only
for galaxies with more disklike (n . 4), particularly for those that are star-forming.
at each redshift for star-forming galaxies such that velocity dispersion decreases slightly for rounder galaxies. This
effect is small, suggesting that although inclination does impact measured velocity dispersions, it is a very weak effect.
In the SDSS, the mean change in velocity dispersion across the full range in axis ratio (from b/a ∼ 0.2 to b/a ∼ 1)
implies a discrepancy of only 0.07 dex or a factor of 1.18 in velocity dispersion. This effect appears to be stronger at
z ∼ 0.7, at which the same change in b/a would imply ∼ 0.26 dex difference or factor of ∼ 1.8 in velocity dispersion.
However, we note that the potential incompleteness of this sample for rounder galaxies may impact the measurement
of this trend. Furthermore, the method of measuring galaxy dynamics differs subtly between the two samples: in the
SDSS, the velocity dispersion is measured within the 3′′ fiber, whereas the z ∼ 0.7 spectra are integrated across a
1′′ slit. At z ∼ 0.06, 3′′ corresponds to a physical scale of ∼ 3.5 kpc, compared to ∼ 7 kpc of the 1′′ slit at z ∼ 0.7.
Additionally, given the size evolution of galaxies, this larger physical aperture corresponds to an even larger fraction
of the galaxies that are being probed in the higher redshift sample. This suggests within the centers of galaxies, such
as those probed by the SDSS fibers, the dynamics are more dominated by central bulges. However, at higher redshift,
when the dynamics are probed in larger apertures, the effects of inclination will be stronger and could contribute to
the scatter in such dynamical scaling relations.
In Figure 17, we evaluate the dependence of this trend on structural parameters (in the SDSS only), splitting galaxies
into bins of Se´rsic index. Color-coding, notations, and symbols are as in Figure 16. In these panels, we see that the
trends with axis ratio are stronger for more disklike galaxies (at lower Se´rsic n), for both star-forming and quiescent
galaxies. Above n ∼ 4, the trends all but disappear. This is partially due to the fact that these disky galaxies
likely have more oblate structures and therefore axis ratio will be a more sensitive probe of inclination. Additionally,
one would expect these galaxies to have more rotational support (higher v/σ), which determines the contribution of
inclination to Equation 8. Although this paper demonstrates that the scaling relations of massive galaxies can be
determined without the inclusion of an inclination correction, we conclude that the inclination of galaxies with disklike
morphologies will contribute a small amount of scatter to the relations. This may become increasingly important for
higher redshift studies, as the effect will likely increase with the physical scale of the spectroscopic aperture relative
to the decreasing sizes of evolving galaxy populations.
B. DOES THE MASS FABER-JACKSON RELATION TIGHTEN FOR SEPARATE GALAXY POPULATIONS?
The stellar mass Faber-Jackson relation for star-forming and quiescent galaxies differs in normalization and slope,
therefore the measured relation for the overall population of galaxies at a given redshift will be an average of the two
relations. In §5, we demonstrated that the scatter about the Faber-Jackson relation is greater than the scatter in
relations which incorporate galaxy sizes. Locally, the Fundamental Plane for elliptical galaxies exhibits less scatter
than its projection, the Faber-Jackson relation, however in this Appendix we investigate whether some of this scatter
is due to adopting a uniform definition of the Faber-Jackson relation for both galaxy populations.
Figure 18a shows the Faber-Jackson relation for galaxies in the SDSS. The black line indicates the overall scaling
relation (used in Figure 14a, the dashed blue and red lines indicate the fits to the star-forming and quiescent popula-
tions. Scatter about the velocity dispersion predicted by these relations are shown in the center (quiescent) and right
(star-forming) panels. Scatter for all galaxies (in black), quiescent galaxies (red), and star-forming galaxies (blue) is
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Fig. 18.— Mass Faber-Jackson relation (Left Panel) in the SDSS. Best-fit relation is measured for all galaxies (solid black line), but
differs slightly in slope and normalization for star-forming (dashed blue line) and quiescent (dot dashed red line) galaxies. Expanding upon
Figure 14, we demonstrate that the scatter in the velocity dispersion predicted by the mass Faber-Jackson relation versus measured velocity
dispersion does not decrease by adopting the best-fit relation to star-forming (middle panel) or quiescent (right panel) galaxies.
TABLE 5
Measured and Intrinsic Scatter in logRe from Scaling Relations
Relation rms rmsint rms (Q) rmsint (Q) rms (SF) rmsint (SF)
SDSS: z ∼ 0
Mass Fundamental Plane 0.117 ± 0.001 0.088 0.107 ± 0.001 0.074 0.121 ± 0.002 0.094
logRe = 1.63 log σ − 0.84 log Σ⋆ + 4.496
Virial Theorem (kV = 5) 0.149 ± 0.001 0.130 0.140 ± 0.001 0.121 0.150 ± 0.002 0.132
logRe = logM⋆ − 2.0 log σ − 5.695
Virial Theorem (kV(n)) 0.139 ± 0.001 0.118 0.127 ± 0.001 0.104 0.156 ± 0.002 0.138
logRe = logM⋆ − 2.0 log σ + log kV(n)− 5.078
DEIMOS: z ∼ 0.7
Mass Fundamental Plane 0.16 ± 0.01 0.13 0.14 ± 0.01 0.12 0.18 ± 0.02 0.16
logRe = 1.63 log σ − 0.84 log Σ⋆ + 4.306
Virial Theorem (kV = 5) 0.18 ± 0.01 0.16 0.15 ± 0.01 0.13 0.22 ± 0.02 0.20
logRe = logM⋆ − 2.0 log σ − 5.911
Virial Theorem (kV(n)) 0.20 ± 0.01 0.19 0.17 ± 0.01 0.15 0.24 ± 0.02 0.23
logRe = logM⋆ − 2.0 log σ + log kV(n)− 5.292
Note. — Measured and intrinsic scatter in logRe from various scaling relations, for all galaxies and then separately for quiescent (Q) and
star-forming (SF) galaxies. Quantitative relations are included in the table and the Se´rsic-dependent Virial constant from (Cappellari et al.
2006) is approximated by kV(n) = 8.87− 0.831n+ 0.0241n
2) as in Eq. 15.
indicated in the upper left corner of each panel. It is clear that although using the individual relations reduces the
scatter in the mass Faber-Jackson relation very slightly (∼ 0.01 dex), the three dimensional planes exhibit far lower
scatter for star-forming and quiescent galaxies alike.
C. THREE PARAMETER SCALING RELATIONS: SCATTER ABOUT logRE
In this Appendix, we investigate the scatter in the mass fundamental plane and the Virial relations in an additional
projection (see also Figures 11(b), 12, and 13). For each relation, we calculate the scatter about logRe. The slopes of
the scaling relations are held fixed, but in each case the normalization is allowed to vary, although this will not affect
the scatter. Best-fit normalizations, measured and intrinsic scatter, as determined through Monte-Carlo simulations,
are included in Table 5 . Figure 19 illustrates the scatter about logRe in the SDSS. The left panel includes sizes
inferred by the mass fundamental plane, the center panel from the Virial theorem with a fixed constant and the right
panel with a Se´rsic-dependent constant. Figure 20 follows the same layout, but includes galaxies in the DEIMOS
sample. Unlike the scatter in velocity dispersion (see Figures 14 and 15), the scatter in the mass fundamental plane is
significantly tighter than that of the Virial relations. However, we expect this to be due, at least in part, to correlated
errors in sizes and stellar mass surface densities. In this projection, the difference in scatter between star-forming and
quiescent populations is also significant, 0.01− 0.03 dex at z ∼ 0 and up to ∼ 0.07 dex at z ∼ 0.7, particularly when
using kV(n).
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Fig. 19.— Scatter in logRe in the SDSS from (left) the mass fundamental plane (center) the Virial theorem with a fixed constant and
(right) with a constant that depends on Se´rsic index. The vertical axis in each is determined by the equations reported in Table 5.
Fig. 20.— Scatter in logRe at z ∼ 0.7 from the mass fundamental plane (left panel) and the Vrial theorem with a fixed constant (center
panel) and a Se´rsic-dependent content (right panel).
D. VIRIAL ESTIMATES OF DYNAMICAL MASS
Throughout this Paper, we mention Virial estimates of galaxy dynamical masses. Although all such measurements
are calculated based on the Virial theorem, dynamical mass estimates are sensitive to the choice of Virial constant
(see §5). Cappellari et al. (2006) derived an analytic form for the Virial constant based on spherical jeans models of
mass-follows-light Se´rsic models (Equation 6), but found that a single-valued constant k = 5 is sufficient to describe the
dynamical and structural properties within an effective radius of the elliptical galaxies in the local ATLAS3D sample.
Furthermore, Taylor et al. (2009) demonstrated the importance of accounting for structural differences, as quantified
by Se´rsic index, when determining the dynamics of massive galaxies in the SDSS. This latter work found that the
dynamical mass of a galaxy is well-correlated with its stellar mass as long as one adopts a Virial constant that depends
on Se´rsic index, despite the structural non-homology of the SDSS galaxy sample. Figures 21 and 22 explicitly show
the relationship between stellar mass and dynamical masses in the SDSS and at z ∼ 0.7. The left panel of each figure
shows the dynamical mass calculated with a single Virial constant relative to stellar mass, the right panel includes
kV(n).
In the left panel of Figure 21 we reproduce a main result from Taylor et al. (2009): the scatter is decreased and
overall correlation between dynamical and stellar masses for SDSS galaxies is improved when structural non-homology
is included in dynamical mass calculations (in the right panel relative to the left panel). This relation is less apparent
for galaxies in the z ∼ 0.7 sample (Figure 22). In this case, the scatter is similar within the errors for both relations
and if anything the scatter increases in the right panel (with kV(n)). We note that this difference suggests that perhaps
the analytic form that we adopt for the Se´rsic-dependence of the Virial constant may no longer be optimal at high-z.
However the modeling of these galaxies including differences in extraction apertures, seeing, velocity dispersion profiles
used for aperture corrections, and possibly structural evolution is beyond the scope of this paper.
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